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ABSTRACT 
The electron microscopic appearance of glycogen has been studied in the organs of several 
animal species.  Glycogen almost always appears as roughly circular granules from  150 to 
400 A in diameter.  The intrinsic electron density of glycogen varies from tissue  to tissue; 
however, treatment with lead hydroxide as described by Watson deeply stains the granules. 
Glycogen pellets were  isolated from some  of the  tissues  studied  by centrifugation. Such 
pellets were  shown  to  be  glycogen  by  chemical  and  histochemical criteria.  When  thin 
sections of the pellet are examined under the electron microscope they can be seen to con- 
sist of densely packed granules similar to those  found in the intact tissues. Such pellets are 
also stained for electron microscopy by short exposure to lead hydroxide. 
INTRODUCTION 
The  fine  structure  of  the  major  cell  organelles 
encountered in electron micrographs is now well 
known, but relatively few  of the  smaller formed 
elements  visible in  the  cytoplasmic matrix  have 
been  isolated and identified chemically.  A  dense 
particulate component of the cytoplasm about 150 
A  in diameter,  observed  by Paladc  (12)  in thin 
sections of many basophilic cell  types,  was identi- 
fied  as  ribonucleoprotein by  Palade  and  Sieke- 
ritz  (13).  After the  publication of this important 
morphological and chemical correlation, it became 
common practice among electron microscopists to 
interpret  as  ribonucleoprotein  all dense particles 
about  150 A in diameter whether associated with 
the  membranes of the  endoplasmic reticulum or 
free  in the cytoplasm. However, in studies on the 
mammalian liver,  Fawcett  (2)  observed  closely 
packed  particles of low density  150  to  350  A  in 
diameter  in  glycogen-rich areas  of  hepatic  cells 
and  suggested  that  these  probably corresponded 
to  the  "particulate  glycogen"  which  Lazarow 
(6) isolated from liver homogenates by centrifuga- 
tion.  Discrete  granules  of  somewhat  greater 
density, which were also presumed to be glycogen, 
were  subsequently observed  in  cells  of  inverte- 
brates (19),  amphibians, and reptiles (4). Fawcett 
(3) drew attention to the difficulty of distinguish- 
ing  glycogen  and  ribonucleoprotein particles  in 
some  tissues.  There is  abundant evidence in the 
current  literature  that  despite  this  admonition, 
these  two  particulate  components  of  the  cyto- 
plasm  are  still  being confused.  This  matter  was 
thought to be of sufficient  importance to warrant 
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575 further description of some of the variations in the 
appearance of glycogen in thin sections and  addi- 
tional  studies intended  to  establish  more depend- 
able  criteria  for  its  morphological  identification. 
To  this end, observations have been made on thin 
sections  of glycogen  rich  tissues,  and  these  have 
been correlated with chemical and electron micro- 
scopic analyses of glycogen fractions isolated from 
homogenates  of  the  same  tissues  by  ultracentri- 
fugation. 
MATERIALS  AND  METHODS 
Sections  of liver,  kidney,  and  skeletal  muscle,  of 
the frog,  Rana pipiens,  skeletal muscle of the toad  fish, 
Opsanus  tau, and  the  brown  adipose  tissue  of  fetal 
and  newborn  mice  were  studied  as  examples  of 
tissues rich in glycogen. Histological sections of these 
were  stained  for  glycogen  by  the  periodic  acid- 
Schiff reaction  with  and  without  previous  digestion 
with  saliva  or  malt  diastase. 
Glycogen  in  the  turtle  heart  and  the  glycogen 
body of the chick were studied both in tissue sections 
and  after  cell  fractionation.  Turtles  of  the  species 
Pseudemys picla,  Pseudemys elegans,  x  and  Chelydra ser- 
pentina  were  killed  by  decapitation,  and  the  hearts 
were  removed  as  soon  as  possible  after  removal  of 
the plastron. Glycogen bodies were taken from chicks 
in the period from 3 days before to 3 days after hatch- 
1 Obtained  from  Carolina  Biological  Supply,  Elon 
College, South Carolina. 
ing.  The  rat  livers  were  from  animals  fasted  for  3 
days  and  refed  for  3x/~ hours. 
Small pieces of tissue from these sources were fixed 
at room temperature for 2 hours in 1 per cent osmium 
tetroxide buffered to pH  7.6 or in  1 to 2~/~ per cent 
potassium  permanganate  at  0°C.  buffered  to  pH 
7.6  (8)  and  sometimes  in  5  per  cent  unbuffered 
KMnO4  (9).  Osmium-fixed tissues were  dehydrated 
in a  graded series of ethyl alcohols and embedded in 
pure  butyl  methacrylate  or  in  butyl  methacrylate 
containing  10  to  25  per  cent  of  methyl  metha- 
crylate.  The  methacrylate  mixtures,  with  2  per cent 
luperco  as  catalyst,  were  prepolymerized  until 
quite viscous by degassing in an evacuated desiccator 
and allowing to stand under an atmosphere of nitro- 
gen.  Polymerization was completed in a  45°C.  oven. 
The  permanganate-fixed  blocks  were  embedded  in 
araldite  2  following  the  procedure  of  Glauert  (5) 
or the modification recommended by the New York 
Society  of Electron  Microscopists.  Sections  showing 
pale yellow interference colors were cut on a  Porter- 
Blum  microtome  using  a  glass  or  diamond  knife 
and  were  supported  on  specimen  grids  by  carbon- 
reenforced  collodion  membranes.  Staining  was  car- 
ried  out  with  lead  hydroxide  solutions prepared  by 
the  method  of  Watson  (21)  and  stored  as  recom- 
mended by Peachey (14). 
The  sections  were  examined  with  RCA  electron 
microscopes  Models  EMU-3D,  3E,  the  Siemens 
Elmiskop  I, or Philips  100 B. The micrographs were 
Araldite  embedding kit  supplied by  the New York 
Society  of  Electron  Microscopists. 
Abbreviations  Used  in  the  Figures 
End  Endothelium  Mf  Myofibril 
Er  Endoplasmic rcticulum  Mt  Mitochondria 
Gl  Golgi apparatus  Ncl  Nucleus 
Gly  Glycogen  Pb  Contaminant  from  the  staining 
Gr  Granules  solution 
Lip  Lipid droplet  Plm  Plasma membrane 
FIGURE  1 
An area of cytoplasm from the liver of a  winter frog. The glycogen appears as a  fine 
network  composed of adherent  granules,  larger but  of much  lower density than  the 
granules  of  ribonucleoprotein  associated  with  the  membranes  of  the  cndoplasmic 
reticulum.  Osmium fixation, section unstained.  (X  20,000) 
]~IGURE 
Electron micrograph of  striated  muscle of  the frog  tongue showing discrete  particles  of 
glycogen in the sarcoplasm. In a histological  section an area such as that at the upper 
right  of  the figure  would be acidophilic  and periodic acid-Schiff  positive.  Osmium  iixa- 
tion,  section  unstained. (X 40,000) 
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to  14,000 and were enlarged photographically to the 
desired final magnifications. 
Glycogen was isolated by a technique based on the 
work  of Lazarow  (6).  The  tissue  was  homogenized 
in a Potter-Elvejhem grinder in ice-cold saline (0.145 
M).  The fractionation was usually carried out in the 
same solution, but the isolation was equally success- 
ful  when distilled water was  used  instead of saline. 
The homogenate was first centrifuged in a precooled 
head at 600  to 800  g  for  10  minutes in  an  Interna- 
tional  Model  CM  centrifuge.  The  supernatant  was 
then centrifuged for 10 minutes at 7500 g in a Spinco 
Model L  ultracentrifuge. The supernatant from this 
run  was then subjected to  60,000  g  for  30  minutes. 
A  transparent  pellet of glycogen was  found  at  the 
bottom of the tube, under a  thin layer of mitochon- 
drial and microsomal debris. The latter was dislodged 
by  a  gentle jet  of cold  saline  and  discarded.  The 
glycogen  pellet  was  resuspended  and  centrifuged 
again  for  30  minutes  at  60,000  g.  This  resulted  in 
adequate packing of the pellet which otherwise had 
some  tendency  to  resuspend.  This  final  pellet  was 
used  for  chemical  analysis  or  electron  microscopy. 
For  electron  microscopy,  thin  pellets  were  fixed 
in  situ with  the  fixative  solutions  described  above. 
They  were removed from the  Lusteroid tube3  after 
the  beginning  of  dehydration  and  were  cut  into 
blocks  of suitable  small  size  and  treated  thereafter 
in  the  same  manner  as  pieces of tissue. 
For  chemical  analysis,  the  pellets  were  dried  in 
vacuo over phosphorus pentoxide for  3  to  4  days.  A 
weighed aliquot was boiled in 35 per cent potassium 
hydroxide,  then  reprecipitated  twice  with  ethanol. 
The precipitate was hydrolyzed in  10 N sulfuric acid 
and  analyzed for  reducing sugar  by  the  method of 
Nelson  and  Somogyi  (10).  Other  pellets  were  also 
analyzed by  the anthrone method  (18).  Protein de- 
terminations  were  carried  out  by  the  method  of 
I,owry (7). 
RESULTS 
Observations  on  Unstained  Tissue  Sections 
The  appearance  of  particles  believed  to  be 
glycogen  has  already  been  described  in  earlier 
publications (2, 4,  19).  Some of these observations 
are repeated here and extended to other cell types 
to emphasize the variability in the appearance of 
glycogen in different tissues.  In rat liver,  areas of 
cytoplasm rich  in  glycogen  show  relatively  little 
affinity for osmium and at low magnification have 
a  gray,  diffusely mottled  appearance.  At  higher 
magnification  these  areas  have  a  cloudy  amor- 
phous  character  in  some  preparations,  while  in 
others, they have a  light,  evenly stippled texture 
imparted by closely packed small granules of low 
density. The  explanation for this difference from 
specimen to specimen is not clear. The amorphous 
"cotton-wool" appearance of liver glycogen (Fig. 
3)  may be due to poor preservation but it occurs 
in blocks which, by other criteria, seem adequately 
preserved. Even in the most favorable preparations 
of osmium fixed rat liver, the particles of glycogen 
are pale and have ill-defined limits. 
In  the  frog  liver  the  particulate  nature  of the 
glycogen is  more  evident  (Fig.  1).  The  carbohy- 
drate-rich areas are composed of light granules of 
varying size that occur individually or  adhere  to 
one another to form branching strands. These give 
the areas of glycogen a  pale gray frosted-glass ap- 
pearance  against  which  the  dense  mitochondria 
and  compact  parallel  arrays  of  endoplasmic  re- 
ticulum stand out in sharp contrast. The ribonu- 
cleoprotein granules on the membranes of the re- 
ticulum  are  smaller  and  very  much  denser than 
the glycogen particles. 
FIGURE 3 
A glycogen-rich area of a rat liver cell showing the diffuse mottled appearance some- 
times encountered in this tissue.  The glycogen here appears to be amorphous instead of 
particulate.  It is not clear whether this is a  result of poor preservation or whether it 
accurately represents the state of the liver glycogen in certain physiological conditions, 
Osmium fixation, section unstained.  (X  30,000) 
ITIG  URE  4 
Glycogen in the sarcoplasin of the cardiac muscle of the turtle occurs in distinct par- 
ticles of appreciable density. In histological sections stained with the periodic acid-Schiff 
reaction,  glycogen is  so  abundant  that  the myofibrils  (Mf)  and  mitochondria  (Mt) 
appear in negative image in the deeply stained sarcoplasm. Osmium fixation, section 
unstained. (X  30,000) 
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tains  large  numbers  of  distinct  granules  150  to 
300  A  in  diameter  (Fig.  2).  Ribonucleoprotein 
particles in such abundance would impart a strong 
basophilia  to  the  muscle.  In  histological  sections 
the  sarcoplasm  is,  in  fact,  markedly  acidophilic 
but its periodic aeid-Schiff reaction, indicates that 
it is rich in carbohydrate.  It seems likely, therefore, 
that the particles seen in the electron micrographs 
are  glycogen rather  than  ribonucleoprotein.  It  is 
noteworthy that these are considerably denser than 
the corresponding  particles in the frog liver  (Fig. 
1).  Granules  with  similar  properties  in  the  distal 
convoluted  tubule  and  ciliated  intermediate  seg- 
ment of the frog nephron are still denser than those 
of skeletal muscle.  Thus  granules  presumed  to  be 
glycogen  differ  markedly  in  density  frorn  one 
tissue to another within the same species. 
Turtle  heart  muscle  is  rich  in  histoehemically 
demonstrable glycogen distributed  throughout  the 
interfibrillar  sarcoplasm.  In electron  micrographs 
of  osmium-fixed  tissue,  the  sarcoplasm  contains 
great  numbers  of  small  granules  of  appreciable 
density but of indefinite outline  (Fig. 4). In meth- 
acrylate embedded  muscle  the granules  are often 
adherent  in  clusters  or  in  branching  aggregates 
(Fig.  10).  The  degree  of  clumping  varies  from 
specimen  to  specimen,  and  it  is  likely  that  the 
aggregation  of granules  is an  artifact of specimen 
preparation since in turtle heart muscle embedded 
in  epoxy  resins  the  granules  consistently  retain 
their individuality (Fig.  11). 
The  vertebrate  tissue  with  the  highest  concen- 
tration  of  stored  carbohydrate  is  probably  the 
glycogen body of the chick. This ovoid translucent 
organ  situated  on the dorsal  surface  of the spinal 
cord of the chick has a glycogen content amounting 
to 60 to 80 per cent of its fat-free dry weight  (1). 
Preparation  of  thin  sections  of  this  organ  after 
osmium fixation and methacrylate embedding pre- 
sents  serious  technical  difficulties due  apparently 
to  poor  penetration  of  osmium  and  inadequate 
infiltration  of  areas  of  almost  pure  glycogen. 
Permanganate  fixation  followed  by  epoxy  em- 
bedding  proved  to  be  more  successful.  Electron 
micrographs of specimens prepared in this way re- 
veal cells in which the nucleus is displaced to the 
periphery, and the cell organelles are confined to a 
small  juxtanuclear  area  of  cytoplasm.  The  re- 
mainder  of  the  ceil  body  is  occupied  by  close- 
packed  granules of very low density  (Fig.  5).  The 
granules are discrete and closely resemble those in 
turtle atrium prepared  by the same method. 
The  brown  adipose  cells of fetal  mice  contain 
very  little  lipid  but  are  rich  in  glycogen  which 
tends to be highly concentrated  in certain areas of 
the cell body. In osmium-fixed tissue, embedded in 
epoxy resins, the areas of glycogen are composed of 
distinct  particles  of  low  density.  In  favorable 
micrographs there is a suggestion of finer structure 
within the particles. An irregular pattern of minute 
granules  50 A  in diameter  can  be made  out with 
some  difficulty.  This  inhomogeneity  cannot  be 
attributed  to  photographic  grain  or  surface  con- 
tamination of the section.  It is likely that it repre- 
sents  some  substructure  within  the  particles  but 
the  chances  of  clearly  resolving  it  are  not  good 
owing to the very low density of the material. 
Observations  on  Stained  Sections 
The  usefulness  of  staining  methods  employing 
metallic  ions  for  localizing  specific  components 
was  demonstrated  by  Swift  and  Rasch  (20)  who 
found  that  liver glycogen could be stained  by ex- 
posing  sections  to  phosphotungstic  or  phos- 
phomolybdic acid. More recently Watson (21)  has 
advocated the use of lead hydroxide and  reported 
the  staining  of glycogen  in  liver.  These  authors 
presented  circumstantial  evidence  to  show  that 
glycogen was indeed  stained  by these procedures. 
In  the  present  study,  sections  of  turtle  atrium, 
chick  glycogen  body,  fish  striated  muscle,  and 
brown  adipose  tissue  of  the  fetal  mouse  were 
floated from 3 to  10 minutes on a  solution of lead 
hydroxide (Figs. 6 to 9).  In all these tissues the cy- 
FIGURE  5 
A portion of a cell of the chick glycogen body. The nucleus is displaced to tile periphery 
and the mitochondria (Mr), Golgi complex (Gl),  and endoplasmic reticulum are con- 
fined  to  a  small juxtanuclear  area.  The remainder  of the cell is  occupied  by stored 
glycogen which  extends  right  up  to  the  plasma  membrane  (Plm).  The  glycogen  is 
distinctly  particulate  but  of  very  low  density.  Permanganate  fixation,  unstained. 
(×  ')2,500) 
580  TH_E  JOURNAL  OF  BIOPHYSICAL AND  BIOCHEMICAL  CYTOLOGY  •  VOLUME  8,  1960 J.  P.  REVEL,  L.  N.~.POLIT,~.NO, AND  D.  W.  FAWCETT  Identification of Glycogen  581 toplasmic particles  interpreted as glycogen in un- 
stained sections showed  a  marked  affinity for the 
lead and stood out in high contrast in the electron 
micrographs.  The granules showed an increase in 
density and had much more clearly defined limits 
than before staining. In the sarcoplasm of fish mus- 
cle shown in Fig. 9, the stained glycogen particles 
are sharply outlined, spherical, and fairly uniform 
in size. The intense blackening of the  polysaccha- 
ride granules in the cells of the glycogen body (Figs. 
6,  7)  contrasts  strikingly with  the  low density of 
the granules in the unstained section (Fig. 5). 
The  lead  hydroxide  treatment  sometimes  re- 
sults in a  homogeneous increase in density, but in 
many  of  the  micrographs  the  lead  occurs  in 
punctate  deposits  uniformly distributed  over  the 
surface of the granule (Figs. 6,  14).  It is tempting 
to  believe that  this regular  pattern  of dots  is  re- 
lated to the fine structure seen in unstained glyco- 
gen and is a reflection of an orderly arrangement of 
subunits within the granules. Although this possi- 
bility cannot be  excluded,  several  considerations 
argue  against it.  For example,  a  similar stippled 
pattern is often seen where lead has been deposited 
nonspecifically on  collagen  and  other  structures. 
Furthermore,  we  have  the  impression  that  the 
particles  may  be  homogeneously  stained  at  the 
outset,  but  develop  the  stippled  pattern  as  the 
specimen is bombarded in the electron beam. It is 
worthy of note that a  similar phenomenon can be 
observed in the thin platelike crystals of lead car- 
bonate  which  are  often  encountered  on  stained 
sections. These are uniformly dense when first seen, 
but after a  few seconds exposure to a  moderately 
intense beam there  is evident sublimation of the 
crystal, and its homogeneous density gives way to a 
pattern of regularly spaced dense dots (see Pb, Fig. 
9).  It  is  suggested,  therefore,  that  the  punctate 
deposits of lead in stained glycogen granules may 
also  be  a  thermal  artefact.  This  matter  requires 
further  study. 
Observations  on Isolated Glycogen 
Glycogen  was  isolated  from  homogenates  of 
turtle  heart  muscle  and  chick  glycogen  body  by 
centrifugation. This yields pellets of material which 
can be analyzed for chemical composition and also 
studied in the electron microscope. 
An intensely positive reaction is obtained when 
the substance of such pellets is treated by the peri- 
odic acid-Schiff technique. This staining reaction 
becomes negative after treatment of the pellet with 
amylase. The carbohydrate nature of the pellet is 
further indicated by a  strongly positive anthrone 
reaction.  No  protein  could  be  detected  in  the 
pellets by the methods used in this study. 
Glycogen can be  isolated from  tissue by treat- 
ment with hot concentrated potassium hydroxide 
followed  by  ethanol  precipitation.  When  pellets 
isolated fi'om the chick glycogen body or the turtle 
heart are treated in this manner and then hydro- 
lyzed  to  yield  simple  sugars,  90  per  cent  of 
the original sample is recovered as reducing sugar. 
In  the  analytical  ultracentrifuge  the  material 
isolated in the  pellets can he  shown to  consist of 
polydisperse material of high molecular weight,  a 
finding consistent with previous results obtained on 
FIGURE  6 
An  area  of cytoplasm from  a  cell  of the  chick  glycogen body stained  with  lead  hy- 
droxide. The stained glycogen granules in the lower half of the figure show considerable 
variation in size. While the average diameter of the glycogen particles  is about  300 A, 
some seem to  be much larger,  reaching close to  1000 A.  It is possible  that  such  large 
particles  represent  an  aggregate  of smaller units.  The very small granules  (170  A  or 
even less) probably do not lay entirely in the thickncss of the secretion. The lead stain- 
ing is not uniform throughout  the granule  but  is  in  the form  of many fine  punctate 
deposits. Permanganate fixation, stained with lead hydroxide for 3 minutes. (>(60,000) 
FIGURE  7 
Portion of a  cell of the glycogen body showing the  intense staining of the glycogcn 
around the periphery and the virtual abscnce of glycogcn in juxtanuclear area where 
the  Golgi  complex  (G/)  and  other  organelles  are  located.  Permanganate  fixation, 
stained with lead hydroxide for 3 minutes. (X  92,500) 
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isolated from turtle heart and from chick glycogen 
body is a  relatively pure fraction of glycogen. 
When fixed in osmium tetroxide and embedded 
in  methacrylate,  by using  the  same  procedure  as 
for tissue blocs, the densely packed  pellets fix and 
infiltrate poorly and  tend to drop out of the meth- 
acrylate  during  sectioning.  This  difficulty can  be 
circumvented  by the use of potassium  permanga- 
nate  fixation  followed  by  epoxy  or  methacrylate 
embedding.  Sections of material  prepared  in  this 
way showed the glycogen pellets to be made up of 
small (200 to 400 A) granules (Fig.  15) which very 
closely resembled  those found  in sections of tissue 
after  osmium  (Fig.  3)  or  permanganate  (Fig.  5) 
fixation.  These  particles of glycogen stain  heavily 
after even a  brief exposure to lead hydroxide (Fig. 
14).  Sections  through  pellets  fixed  in  permanga- 
nate  but  embedded  in  methacrylate  show  the 
characteristic adherence of the granules in branch- 
ing clumps (Figs.  12,  13) seen in intact tissues (Fig. 
10)  thus confirming our impression that this mode 
of aggregation is related to the acrylic embedding 
medium  and  does not  accurately reflect the state 
of glycogen in the living cell. 
The data gathered on the appearance and com- 
position of the pellets substantiate  the assumption 
that  the  cytoplasmic  particles  150  to  400  A  in 
diameter  stainable  by short  exposure  to  lead  hy- 
droxide are indeed glycogen. 
DISCUSSION 
In the tissues and organs examined from animal 
species  ranging  from  invertebrates  through  am- 
phibians,  reptiles,  birds,  and  mammals,  glycogen 
almost  always  occurred  in  particulate  form.  Al- 
though glycogen appeared amorphous in the mam- 
malian liver and in the glycogen body of the chick 
after OsO4 fixation, after KMnO4 fixation it could 
be  shown  to  be  particulate  in  these  organs  also. 
The  glycogen  particles  vary  both  in  size  and  in 
density from species to species and from one organ 
to another within the same animal species. In size 
and  density,  the  ribonucleoprotein  particles  (150 
A) fall within the range of variability of glycogen 
granules  (150  to  400  A),  and  in  some tissues  the 
two may easily be confused.  It is of interest in this 
relation  to recall from Palade's original paper  on 
"A small particulate component of the cytoplasm" 
(12) the statement that his grouping of granules of 
similar  size  and  density  under  this  term  did  not 
exclude  the  possibility  that  the  particles  might 
prove to be chemically diverse.  He was alerted  to 
this possibility by the observation that the granules 
in  the  sarcoplasm  of rat-striated  muscle  differed 
from those in other cell types studied  in that  they 
were  larger  and  more  varied  in  form  and 
they showed  no affinity for the membranes  of the 
endoplasmic  reticulum.  Reexamination  of  his 
illustrations  of  muscle  reveals  granules  which 
could now be interpreted  as glycogen. 
It was one of the objectives of this study  to es- 
tablish  better  morphological  criteria  for  identi- 
fication of the particulate components of the cyto- 
plasm.  It is  appropriate,  therefore,  to summarize 
here  the  characteristics  of ribonucleoprotein  and 
glycogen  which  may  be  useful  in  distinguishing 
them.  The  ribonucleoprotein  particles  are  char- 
acterized  by  great  uniformity  of  size  and  density 
(100  to  150  A)  throughout  a  broad  range of cell 
types and  animal  species. They are very often as- 
FIGURE 8 
Glycogen particles stained with lead hydroxide can be seen in part of a cell of brown 
adipose tissue.  The clear spaces arc the negative images of fat droplets  (Lip)  dissolved 
during  preparation  of the  specimen.  Permanganate  fixation,  stained  with  lead  hy- 
droxidc.  (X  25,000) 
FIGURE 9 
Electron micrograph  of an  area  of sarcoplasm  from  toadfish  muscle.  The tissue  was 
fixed in osmium tetroxide and the section stained with lead hydroxide.  The glycogen 
appears  as sharply outlined granules,  nearly spherical in shape and of rather uniform 
size  (300  A). The larger granules  (Gr)  in the matrix of the mitochondria  (Mr)  have 
about the same density in unstained sections and are not to bc confused with the glyco- 
gen particles outside of the mitochondria.  (X  35,000) 
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reticulum,  but  in  some  cells,  they  may  also  be 
found  in  great  numbers  free  in  the  cytoplasmic 
matrix.  Both  those  on  the  membranes and  those 
unattached  may  occur  either  singly  or  in  linear 
aggregations which form beaded strands or rosette- 
like  clusters.  Staining  of  tissue sections for  short 
periods with lead hydroxide imparts only slight in- 
crease in density to the ribonucleoprotein particles. 
Glycogen granules are  characterized  by  consider- 
able  variability in  size  (150  to 400 A) within  the 
same cell. After OsO4 or KMnO~ fixation they are 
of very low density, are  indefinite  in  outline and, 
in  methacrylate  embedded  tissue, tend  to  adhere 
in  branching  aggregates.  In  some  species,  how- 
ever,  the  particles  are  more  sharply  delimited, 
nearly  spherical  in  form  and  have  a  density  as 
great or even greater than that of the ribonucleo- 
protein  particles.  In  our  experience  glycogen 
particles show no particular affinity for the mem- 
branes of the endoplasmic reticulum and are either 
distributed at random in the cytoplasm or concen- 
trated  in  special  glycogen-rich  areas  of  the  cell. 
These particles increase markedly in density when 
exposed, even briefly, to a  lead hydroxide staining 
solution. 
It is evident,  therefore,  that in  electron  micro- 
graphs  of  most  tissues  a  population  of  small 
granules  can  be  identified  with  some  degree  of 
confidence as glycogen by the variability in size of 
the  particles,  their  initial  low  density,  and  their 
marked  affinity for lead upon  staining.  The tend- 
ency of glycogen  to  become concentrated  in  cer- 
tain areas of the cell to  the exclusion of all other 
components of the cytoplasmic matrix is also help- 
ful in its identification.  In unstained preparations 
or where glycogen and ribonucleoprotein occur in 
the same cell,  the identification of any given par- 
FIGURE 10 
A  portion of the atrium of a  turtle showing the abundance of glycogen in this organ. 
The often encountered "branching aggregates"  of glycogen are well demonstrated in 
this methacrylate-embedded specimen.  Osmium fixation, stained with lead  hydroxide. 
(X  23,000) 
FIGURE II 
Another piece of turtle atrium showing the distinct  granularity  of glycogen  after em- 
bedding in epoxy resin. Permanganate fixation, stained with lead hydroxide.  (X 23,000) 
FIGURE 1~ 
A glycogen pellet after staining with lead hydroxide for 3 minutes. This specimen was 
embedded  in  methaerylate,  and  shows  "branching  aggregates"  of  glycogen.  Per- 
manganate fixation.  (X  22,000) 
FIGURE 13 
Another portion of the glycogen pellet illustrated in Fig.  12, but unstained. (X  22,000) 
FIGURE 14 
Individual granules of glycogen can be seen in this pellet, which was embedded in an 
epoxy  resin.  The  fine granularity of the glycogen  particles  is  possibly an  artifact of 
staining.  Compare  these granules of isolated glycogen with those found in the intact 
cell  (Fig. 6). Permanganate fixation, stained with lead hydroxide.  (X  65,0/)0) 
FIGURE 15 
A  portion  of the  pellet of glycogen  depicted  in  Fig.  14,  but unstained,  to  show  the 
great increase in electron density of glycogen after lead hydroxide treatment. (X 45,000) 
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especially in those species where glycogen granules 
are  of nearly the  same  density as ribonucleopro- 
tein. Permanganate fixation can be useful in differ- 
entiating glycogen granules from  RNP  particles, 
since  glycogen  is  well  preserved  in  this  fixative, 
while the RNP particles are lost. 
No  satisfactory  explanation  can  be  offered  at 
present for the marked variations in the density of 
glycogen in different tissues and different animal 
species.  It was suggested earlier that the glycogen 
in  cells  might  be  combined  with  protein  which 
helped  to  maintain the  integrity of the  particles 
(4).  If such were the case, the variation in density 
or osmiophilia observed  might be attributable to 
differences in the protein moiety of the granules. 
However,  while the glycogen in sections of turtle 
cardiac  muscle  and  chick  glycogen  body  shows 
definite  differences  in  their  density  in  electron 
micrographs,  the  glycogen  pellets  derived  from 
these  tissues are  of similar chemical composition 
and are both essentially free of protein. Thus, the 
particles are either protein free in the living cell or 
the protein is lost in the course of preparation of the 
glycogen pellets for analysis. 
In the tissues examined, glycogen could be said 
to occur consistently in particles of a given size and 
density range in all but the liver. In this organ the 
appearance is more amorphous, and there is reason 
to believe that it may vary with the physiological 
state of the animal. The appearance of glycogen in 
electron micrographs is also profoundly influenced 
by  the  method  of  specimen  preparation.  Thus, 
permanganate, rather than osmium tetroxide fixa- 
tion, proved most useful in the study of the glyco- 
gen body. On the other hand, both osmium tetrox- 
ide  and  permanganate were  used  successfully in 
preserving glycogen of the brown fat.  The impor- 
tance of the embedding medium has already been 
allluded to. While glycogen is often found as beaded 
or  branching  aggregates  after  methacrylate  em- 
bedding,  the  glycogen  granules  retain  their  in- 
dividuality after embedding in epoxy resins. 
Our description of liver glycogen is somewhat at 
variance with  that  recently  published  by  Porter 
and Bruni (16),  perhaps because of differences in 
technical procedures. In the glycogen-rich areas of 
osmium-fixed liver they found a  unit of structure 
which was roughly circular in outline, about  100 
m# in diameter and limited by a border of greater 
density than the  center.  The  dark  outer  limit of 
these  "glycogen units"  was  said  to  be  nearly  as 
sharp  in  outline  as  a  membrane  and  in  con- 
sequence they often resembled "ruptured vesicles." 
Each  of  these  was  thought  to  be  an  essentially 
spherical condensation of glycogen. Uranyl acetate 
staining appeared  to  contribute to  the  density of 
the surrounding "frame of membranous material" 
but not appreciably to darken the glycogen itself. 
The  occurrence  of  "remnants  of  membranes" 
delimiting units of glycogen and the  observation 
of masses of agranular reticulum in close associa- 
tion  with  glycogen-rich  areas  of  cytoplasm  led 
Porter  and  Bruni to  speculate  that  this complex 
of smooth-surfaced membranes might be involved 
in  glycogenesis  and  glycogenolysis.  In  our  ex- 
amination of tissues  other  than  liver,  which  are 
nonetheless  active  in  glycogen  metabolism,  no 
morphological  evidence  was  found  for  the  par- 
ticipation of the  membrane systems  of the  cyto- 
plasm in these processes. Indeed two of the tissues, 
brown  adipose  tissue  and  glycogen  body,  are 
remarkable  for  the  paucity  of their  cytoplasmic 
membranes and for  the  tendency of glycogen  to 
accumulate  in  high  concentration  in  areas  of 
cytoplasm  entirely  devoid  of  membranous  or- 
ganelles.  In striated  and cardiac muscle, there is, 
of course,  a  well-developed  agranular reticulum, 
but this is intimately related to the myofibrils and 
is somewhat less abundant in the areas of the sarco- 
plasm richest in glycogen. The distribution of the 
sarcoplasmic reticulum certainly suggests that it is 
functionally related to the coupling of stimulation 
to  contraction  (15)  rather  than  the  metabolism 
of carbohydrate,  but  the  possibility that  it  par- 
ticipates in both cannot be excluded. 
In the chemical literature the molecular weight 
of glycogen is  estimated  to  be  between  3  X  l0 s 
(17)  and  200  N  l06  (11),  depending  upon  the 
tissue of origin and the method of preparation.  It 
is probable that the glycogens in most of the com- 
mon  vertebrate  tissues  would  fall  within  a 
narrower  range of sizes than these  figures would 
indicate.  A  study is  now in progress  involving a 
comparison  of particle  size  observed  by electron 
microscopy with molecular weight  as determined 
in the  ultracentrifuge. The  values obtained will, 
in turn, be compared with the size of the glycogen 
particles observed in thin sections of the same tis- 
sues with the electron microscope. 
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